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What can cells gain by using disordered, rather than folded, proteins in the architecture of their
skeleton? Disordered proteins take multiple co-existing conformations, and often contain segments
which act as random-walk-shaped polymers. Using X-ray scattering we measure the compression
response of disordered protein hydrogels, which are the main stress-responsive component of neuron
cells. We find that at high compression their mechanics are dominated by gas-like steric and ionic
repulsions. At low compression, specific attractive interactions dominate. This is demonstrated by
the considerable hydrogel expansion induced by the truncation of critical short protein segments.
Accordingly, the floppy disordered proteins form a weakly cross-bridged hydrogel, and act as shock
absorbers that sustain large deformations without failure.
PACS numbers: 87.14.E-,87.16.Ln,87.16dr,87.64.Bx
In the past two decades it was found that approxi-
mately 50% of human proteins contain long disordered
regions. The lack of specific structure has been shown to
be critical for the disordered protein’s designated func-
tions [1, 2]. As the conformation of these regions under
physiological conditions resembles that of a random walk
polymer, their investigation naturally calls for experi-
mental and theoretical tools taken from polymer physics
and statistical mechanics.
Treating disordered proteins as polymers implies that
their statistical conformations in space would not signifi-
cantly change due to minor local modifications. Accord-
ingly, if a modification of only a few specific amino acids
(e.g. monomers) does result in significant conformational
changes, specific interactions between amino-acids must
be involved [1, 3]. Identification of such sequence motifs
in disordered proteins poses a challenge which is not met
by current mean-field approaches of polymer physics.
Here we experimentally identify motifs that dramati-
cally alter the conformation of disordered proteins. These
motifs locally cross-bridge protein segments, leading to
the breakdown of the mean-field polymer approach. We
characterize the sequence-dependent cross-bridging by
a single fitting parameter, correlated to the number of
bridges and their locations. At higher protein concentra-
tions, we show that a polymer-like behavior is recovered,
and mean-field models of the protein mechanical response
are valid.
The disordered proteins studied here, Neurofilament
(NF) proteins, act as the stress-responsive skeleton of
axons [4]. They self-assemble into a bottlebrush filament
with 10 nm structured core decorated with the long dis-
ordered domains [Fig. 1(a)]. At high concentrations,
these filaments condense into a hydrogel network whose
properties are governed by interactions of the decorating
disordered domains, known as tails [5–10]. We study fila-
ments consisted of combinations of three different subunit
proteins: NF-L, NF-M and NF-H. Notably, these pro-
teins greatly differ in tail’s length, net charge and charge
distribution [Fig. 1(b-f)].
Below, we will show that at physiological conditions,
the network’s resistance to compression is primarily de-
termined by steric interactions. We will argue that it is
the lack of a fixed structure which allows the network to
sustain considerable deformation, over 20-fold in volume,
without yielding. In contrast, under little or no com-
pression, we will experimentally demonstrate that short-
ranged attractive electrostatic interactions determine the
network expansion. The attractive motifs and polymeric
repulsive forces offer a physical rationale for using disor-
dered proteins in biological scaffolds.
The NF protein purification and sequential assembly
into hydrogel are detailed in ref. [7] and the Supplemen-
tal Material [11]. Following previous studies which pred-
icated attractive interactions involving NF-L tail-end [7],
we construct two new NF-L variants, NF-L5 and NF-
L11. Their sequences are identical to NF-L, apart from
the last 5 or 11 C-terminal truncated amino acids re-
spectively [Fig. 1(f,g)]. Further modification is induced
by dephosphorylation of NF-M and NF-H, which signifi-
cantly reduces the negative charge of their tails [Fig. 1].
We characterize the dominant tail interactions by mea-
suring the structural properties NF hydrogels under
osmolyte-induced osmotic pressure (Π). Equilibrated
samples are measured by synchrotron small-angle X-
ray scattering (SAXS) and cross-polarizing microscopy
(CPM). SAXS provide direct structural measurement of
the inter-filament distance (D) while CPM characterizes
the macroscopic alignment of the filaments to nematic
liquid crystals [Figs. S2 and S3 in the Supplemental Ma-
terial [11] as well as Refs. [5–7, 26]].
The compression data, Π vs. D, of homo- and hetero-
polymer hydrogels reveals two distinct regimes [Fig.
2(a,b)]. Below Π ∼ 104 Pa the inter-filament spacing
is divergent, as we also observed for a much larger set
of neurofilament networks [Fig. S5 in the Supplemental
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FIG. 1. (a) Neurofilament protein form bottlebrush filaments
which interact via their protruding tails. Each filament is
decorated with either one (NF-L), two (NF-L with NF-M or
NF-L with NF-H) or three different types of tails. Tail charge
distributions of native (b) NF-M and (d) NF-H, are com-
pared against the charge distributions of de-phosphorylated
(c) NF-M, (e) NF-H and (f) NF-L. Charges are averaged over
a 5-amino acid window at pH 6.8 (see Supplemental Mate-
rial [11]). (g) A close-up of NF-L tip region shows the non-
averaged amino acid charges, with two vertical black line de-
noting the 5 and 11 amino acids truncated versions. Hy-
drophobic residues are underlined.
Material [11]]. Importantly, replacing NF-L with its tip-
truncated variants has a dramatic effect at this regime
both on the homopolymer NF-L network and on the com-
posite NF-L:M network.
In the homopolymer (i.e., containing one tail type)
NF-L network, the small tip truncation alters both the
inter-filament spacing and the macro-scale orientation
[Figs. 2(a,b) and S2], as truncated NF-L variants pro-
duce more expanded and isotropic networks. A similar
expansion due to NF-L truncation occurs in the com-
posite NF-L:M network. The truncation of 11 amino
produced a ∼ 20 nm expansion of the elongated NF-M
tail. However, the hydrogel orientation was not affected,
which remained nematic. These results validate our pre-
vious sequence-based studies, that predicted a specifi-
cally critical role of the NF-L tail end segment in setting
the macroscopic properties of the hydrogel [6, 7].
In contrast, at Π exceeding ∼ 104 Pa, networks share
a similar compression trend, irrespective of their length
and charge fraction. To theoretically study their stress
response under these compressions, we employ a mean-
field approach, which is less sensitive to sequence vari-
ations. Since the networks are oriented under large de-
formations [Fig. S2], we treat the filaments as infinitely-
long impenetrable cylinders of radius Rcyl = 5 nm. These
are set in a hexagonal lattice [Fig. 2(c)], while the tails
in-between the filaments act as a semi-dilute polymer so-
lution [27].
To validate the applicability of the approximation, we
first compare the experimental data against scaling laws
of semi-dilute polymer solutions. We use an expanded
Π vs. D dataset of NF-L, NF-M and NF-H which also
includes data from refs. [6, 7, 28] at high salt concentra-
tions (150 mM and above). Their dimensionless osmotic
pressure Π˜ = ΠVa/ (kBT ) is plotted against the tail in-
verse volume fraction φ−1 [Fig. 2(d)]. Here, Va = 0.134
nm3 is the average amino acid volume, and kBT is the
thermal energy taken at room temperature. The volume
fraction is given by φ = NVa/V , where V is the unit cell
volume [Fig. 2(c,d) as well as Fig. S4 in the Supple-
mental Material [11]] and N is the number of tail amino
acids in V . We find that at high osmotic pressure and
high φ , the experimental data fits a power law decay
with Π˜ ∝ φ−δ. Best fits are obtained for δ ∼ 2 − 3, in
agreement with known semi-dilute solution scaling laws
[29, 30].
Using the lattice model, the osmotic pressure Π is ap-
proximated by:
Π = Πion + Πpol + Πconf . (1)
Here, Πpol is the interaction between protein segments;
Πion is the ionic osmotic pressure; and Πconf will be fit-
ted to our data to account for the non mean-field trend
observed at low Π. We will show that Πconf introduces
an entropically driven force into the system, and that
its magnitude is sequence specific. A detailed derivation
of the three terms and their applicability is given in the
Supplemental Material [11].
Πion is calculated according to the Donnan rule [27]:
Πion = kBT
(√
Q2 + 4C2s − 2Cs
)
, (2)
where Q is the brush immobilized charge concentration
and Cs is the monovalent salt concentration in the reser-
voir. To calculate Q, we sum over the different tail types:
Q = nT
3∑
i=1
miαici,p. (3)
For a given tail type i, ci,p and αi are the amino acid
concentration and charged amino acid fraction, respec-
tively; the total number of tails in a unit cell is nT=16;
the tail type molar fraction mi holds
∑3
i=1mi = 1.
For Πpol, we treat polymer segments as a non-ideal
gas with virial corrections. Good agreement with exper-
iments is achieved by using a thin-rods gas model:
Πpol = kBT
(
B2φ
2 +B3φ
3
)
. (4)
The entropic term, which depicts the translational en-
tropy of free polymers and is linear in φ, is omitted since
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FIG. 2. (a) Π vs. D curve of NF-L and NF-L mutants at
150 mM show that truncation of the positive short tip seg-
ment results with a ∼15 nm expansion at lowest Π. (b) A
similar 20 nm expansion is observed in the NF-L:M network
as a result of 11 amino acid tip truncation. (c) Sketch of the
hexagonal model used for the theoretical calculations, with
the equilateral triangular unit cell of volume V marked with
dashed line. (d) Dimensionless osmotic pressure Π˜ vs. φ−1 of
different brushes exhibit a power law decay above φ ∼ 0.01.
(e) A schematic illustration of opposite filaments intercon-
nected by an effective contour length S = Na, shown in thick
solid black line. The location of tail-bridging segments sets S,
and consequently, the attractive force prefactor k. (f) Mod-
eled Π terms are plotted against experimental NF-L:H data
(). Fitted Π are plotted as solid lines in (a,b).
the tails are connected to the backbone. The quadratic
term, B2, accounts for the pair-wise excluded volume in-
teraction between polymer rod segments. The average
amino acid length along the polypeptide tail is a = 0.35
nm. Each rod is one Kuhn-length (lk) long, and there-
fore each tail i has Nk,i = Ni/ (lk/a) statistical Kuhn
segments. We assume segments to be of the order of one
Kuhn length k ∼ 2lp [31], where the persistence length
lp of unstructured proteins is in the range 0.4 − 0.8 nm
[32, 33]. The third virial term, B3, is negligible within
the concentrations used here [34].
Both Πpol and Πion are set by the experimental con-
ditions (e.g., buffer salinity, pH) and NF protein stoi-
chiometry without any fitting parameters. However, the
attraction between the tails is governed by local interac-
tions that bridge adjacent filaments. We suggest a Flory
entropic term [29], to account for the bridging attraction
interaction:
Πconf = −k ∂
∂V
[
kBTnT
3∑
i=1
mi
3 (D/2−Rcyl)2
2Nk,il2k
]
. (5)
The one fitting parameter, k, semi-quantitativly captures
the dependence of the attractive polymer spring on the
bridging locations and multiplicity [Fig. 2(e)]. The as-
sumption that the entropic term is attractive is supported
post-priori by the good agreement of the fits to the ex-
perimental data. Furthermore, it conceptually replaces
the attractive term which appears in the Alexander-de
Gennes model for neutral planar brushes [35].
The attractive force can be rationalized by the effective
contour length (S) connecting adjacent filaments via an
entropic polymer spring [solid line in Fig. 2(e)]. A pair
of tails may form different connecting contour lengths,
depending on their bridging locations. For example, if
each tail-end forms an inter-filament cross-bridge with an
identical tail, without inter-penetration, then S is maxi-
mal and k approaches unity. When the brush is not uni-
form and fewer tails stretch out toD/2, fewer connections
exist and k would decrease. Alternatively, if tails cross-
bridge at segments closer to filament backbone (along the
polypeptide chain), the effective contour would decrease
and k would increase.
At high salt concentrations, our approach agrees well
with the experimental data over a large range of os-
motic pressures at multiple subunit stoichiometries and
phosphorlaytion states [Figs. 2(a,b) and S5]. The sin-
gle fitting parameter (k) affects the attractive term only
(Πconf), which is significant at the low pressure regime
[Fig. 2(f)].
At Π > 104 Pa, the two repulsive terms are dominant.
In most cases, Πpol > Πion but not by more than a mag-
nitude [Fig. 2f]. Therefore, the electrostatic repulsion
plays only a secondary role in setting the hydrogel com-
pression response at physiological conditions (150 mM).
Under these large deformations, the tails are successfully
treated as a non-grafted semi-dilute polymer solution [see
also expanded dataset in Fig. S5].
At lower Π, the attractive term Πconf is non-negligible.
Since this term is sequence-dependent, even minute
charge modifications can be followed by dramatic macro-
scopic effects, as seen in the NF-L truncations [fig.
2(a,b)]. In this case, interactions of the NF-L tip with
tail segments closer to the filament backbone may have
forced the native NF-L into a collapsed loop-like confor-
mation [37].
Another evidence for the role of charge distribution
in setting the attractive force is provided by the effect of
4TABLE I. Monomer charge fraction α =
∑3
i=1miαi at pH 6.8, fitted spring “constant” k parameter, and the hydrogel
orientation (Nematic or Isotropic) of NF networks at low Π and 150 mM monovalent salt. NF-L tip truncation is followed by k
decrease due to the tip’s key role in bridging interactions. Similarly, removal of the negatively charged phosphates from NF-M
debilitates the cross-linking. See Supplemental Material Table S2 for protein molar fractions, Fig. S2 for CPM images as well
as Fig. S7 on the conservation of the positively charged NF-L tip in different species [11].
Composition L L5 L11 L:M L5:M L11:M de(L:M) L:H de(L:H) L:M:H de(L:M:H)
α 0.26 0.28 0.28 0.24 0.25 0.25 0.20 0.24 0.20 0.23 0.19
k 0.55 0.17 0.11 0.92 1.46 0.20 0.23 0.10 0.19 0.20 0.33
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FIG. 3. (a) NF-L inter-filament spacing vs. monovalent salt
concentration of NF-L at: 0 % PEG (H), 20 % PEG (•), and
EDTA assembly buffer with 0 % PEG (J). Increasing concen-
trations beyond 100mM do not significantly modify the stress
response, in agreement with previous simulations [36]. The
inter-filament distance measured in NF-L networks formed
with EDTA buffer show that the bridging mechanism does
not require divalent salts. (b) Π vs. D results of NF-L at
a wider range of monovalent concentration shows significant
deviations from the model at lower salt concentrations.
50% charge removal off the NF-M brush by dephospohry-
lation. The charge reduction results with a significant 20
nm network expansion, opposite to the naive electrostatic
expected trend. Again, it is captured by the parameter
k which is related to the sequence organization and not
to the tails’ charged fraction (Table I).
At lower salt concentrations the model fails to predict
the increase in osmotic pressure, Figs. 3(b,c) and S6. The
power law decay of NF-L at 80 mM is fitted with δ = 8,
which implies that the semi-dilute approach is not valid
here. The unusually high exponent may be explained if
one assumes that the tails are well-extended and that the
excess pressure builds against the stretched tails. Such
scenario is reminiscent of covalent bonds and agrees with
the known non-linear stress response of IFs. There, the
change of the differential modulus with stress follows a
3/2 exponent, typical of covalent cross-linked gels [38].
Since no covalent binding sites are found on NF tails,
this indicates a significant cross-bridging energy [6, 7].
In contrast, the larger spacing measured for NF-L5
suggests that NF-L is not overly stretched at D = 50
nm. Nonetheless, this counter-argument does not nec-
essarily overrule the “stretching hypothesis” since NF-
L5 and NF-L11 filaments are also less aligned [Fig. S2].
Moreover, best agreement with low-salt data is achieved
for the NF-L:M hydrogel at 70 mM, which is well-oriented
even at low Π. Such relation between orientation and the
hydrogel properties require further theoretical investiga-
tion [39–41].
In summary, NFs form a hydrogel whose mechanical
and structural properties are governed by a semi-dilute
solution of long tails. We successfully model the hydrogel
mechanics at near physiological conditions as a non-ideal
gas of steric cylinders and small ions. Accordingly, the
system acts as a pneumatic shock absorber in equilib-
rium, where the ionic and steric gas-like repulsive forces
build pressure against external forces. Such mechanical
behavior suggests a novel rationale for the use of disor-
dered proteins as essential building blocks in the cellular
supporting framework.
The main advantage of pneumatic over rigid devices,
is that the former is less subjected to damage under
large deformations. The osmotic response of the disor-
dered proteins in the biological hydrated environment,
resembles that of a pressurized gas. This is especially
important in the axon, where large organelle transport
and axonal flexibility require both a soft and elastic
scaffold [42]. The employment of transient (attachable-
detachable) cross-links, as demonstrated here, enables
the deformation and reformation of the network [43, 44].
The binding is facilitated by the large conformational
space explored by the disordered tails.
A comparison with other cytoskeletal elements points
out that disordered protein decoration of filaments in cel-
lular scaffolds is widespread [45]. NF proteins are part of
a large group of over 70 cell-specific disordered proteins,
which provide different cells with their unique mechan-
ical scaffolds [3]. Another major cytoskeletal element,
microtubules, is decorated by disordered proteins which
was also shown to mediate microtubules inter-filament in-
teractions [46–48]. As similar environmental conditions
prevail in all these systems, we expect that the physi-
cal principles laid here would also apply for this greater
family.
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